ZAP-70, a cytoplasmic tyrosine kinase required for T cell antigen receptor signaling, is controlled by a regulatory segment that includes a tandem SH2 unit responsible for binding to immunoreceptor tyrosine-based activation motifs (ITAMs). The crystal structure of autoinhibited ZAP-70 reveals that the inactive kinase domain adopts a conformation similar to that of cyclindependent kinases and Src kinases. The autoinhibitory mechanism of ZAP-70 is, however, distinct and involves interactions between the regulatory segment and the hinge region of the kinase domain that reduce its flexibility. Two tyrosine residues in the SH2-kinase linker that activate ZAP-70 when phosphorylated are involved in aromatic-aromatic interactions that connect the linker to the kinase domain. These interactions are inconsistent with ITAM binding, suggesting that destabilization of this autoinhibited ZAP-70 conformation is the first step in kinase activation.
INTRODUCTION
The protein tyrosine kinase ZAP-70 (zeta-chain-associated protein of 70 kDa; Chan et al., 1992 ) is crucial for signaling by the T cell antigen receptor (TCR; Arpaia et al., 1994; Chan et al., 1994; Elder et al., 1994; Negishi et al., 1995) . The TCR is activated by antigenic peptides that are displayed by the major histocompatibility complex (MHC) molecule on the surface of antigen-presenting cells. TCR engagement results in the tyrosine phosphorylation of multiple proteins, which is followed by activation of diverse signaling pathways and, eventually, by alterations in gene expression, T cell proliferation, and the secretion of cytokines.
The TCR has no intrinsic catalytic activity. Instead, activated TCRs recruit ZAP-70, which phosphorylates proteins such as LAT (linker for the activation of T cells) and SLP-76 (Src homology 2-domain-containing leukocyte protein of 76 kDa). These proteins then serve as scaffolds to organize signaling complexes essential for onward signal transmission (Horejsi et al., 2004; Koretzky et al., 2006) .
The key step that links TCR activation to ZAP-70 is the phosphorylation by Src family kinases (e.g., Lck) of sets of paired tyrosine residues (called ITAMs, for immunoreceptor tyrosine-based activation motifs) in the cytoplasmic tails of the TCR z and CD3 chains. ITAMs share the sequence motif YXX(L/I)X (6) (7) (8) YXX(L/I), in which the two tyrosine residues are the sites of phosphorylation, and ''X'' denotes variable residues. ZAP-70 contains two tandemly arranged SH2 domains (see Figure 1A for a schematic diagram). The two SH2 domains are coupled tightly and recognize phosphorylated ITAM motifs with high specificity and affinity (Hatada et al., 1995) . Signaling by the B cell receptor and other ITAM-containing receptors (i.e., Fc receptors and NK receptors) involves very similar early events (van Oers and Weiss, 1995) . For instance, when the B cell receptor is stimulated, the tyrosine kinase Syk, a close relative of ZAP-70, is recruited to the receptor after phosphorylation of its ITAM sequences by Src family kinases.
Little is known at present about the mechanism by which recruitment of ZAP-70 to ITAMs triggers its activation. The structure of full-length has not yet been reported. The phosphorylation of two pairs of tyrosine residues in ZAP-70 is crucial for the activation process (Brdicka et al., 2005; Chan et al., 1995; Di Bartolo et al., 1999; Wange et al., 1995; Watts et al., 1994; Wu et al., 1997) . One pair (Tyr492 and Tyr493 in human ZAP-70) is located in the activation loop of the kinase domain, and the phosphorylation of these tyrosines is most likely initiated by Lck Watts et al., 1994) or by transautophosphorylation (Brdicka, et al., 2005) . The structure of the isolated kinase domain of ZAP-70 suggests that, as for other kinases, phosphorylation of the activation loop would stabilize the active conformation (Jin et al., 2004) .
The other two critical tyrosine residues (Tyr315 and Tyr319) are located in the SH2-kinase linker. These are phosphorylated upon recruitment of ZAP-70 to the TCR, most likely by Lck (Brdicka et al., 2005; Williams et al., 1999) or by ZAP-70 itself (Di Bartolo et al., 1999) . While Tyr315 or Tyr319 may serve as SH2 docking sites when phosphorylated, deletion of most of the SH2-kinase linker (including Tyr315 and Tyr319) preserves at least some ZAP-70 function (Zhao et al., 1999) . Thus, the SH2-kinase linker is likely to be part of an autoinhibitory mechanism. A) Domain organization (top) and crystal structure (bottom) of inactive ZAP-70. The kinase domain, SH2-kinase linker, inter-SH2 linker, C-terminal SH2 domain, and N-terminal SH2 domain are shown in blue, red, green, yellow, and orange, respectively. The two phosphotyrosine-binding sites are indicated with magenta spheres. Disordered regions are depicted as dotted lines. (B) Domain organization (top) and structure (bottom) of autoinhibited Src family kinases. The structure shown here is that of inactive Hck (PDB code 1QCF; Schindler et al., 1999) .
Mutation of Tyr315 and/or Tyr319 to phenylalanine greatly impedes ZAP-70-dependent T cell signaling (Brdicka et al., 2005; Di Bartolo et al., 1999; Goda et al., 2004; Gong et al., 2001; Magnan et al., 2001; Williams et al., 1999; Wu et al., 1997) . Although mutation of Tyr315 and Tyr319 to phenylalanines significantly reduced ZAP-70 kinase activity in vivo, presumably due to loss of SH2 docking capability, mutation of the same tyrosines to alanines resulted in an increase in basal ZAP-70 kinase activity (Brdicka et al., 2005) . This suggests that Tyr315 and Tyr319 play a key role in an as-yet-undefined autoinhibitory mechanism by which the SH2-kinase linker regulates ZAP-70 activity.
It is evident that one function of the SH2 domains is to recruit ZAP-70 to phosphorylated ITAMs. Since z and CD3 chains occur in pairs, this recruitment could promote transautophosphorylation of ZAP-70. That the tandem SH2 domains are not merely passive docking devices is suggested by comparison of the crystal structures of the ITAM-complexed tandem SH2 domains and the uncomplexed form (Folmer et al., 2002; Hatada et al., 1995) . ITAM engagement leads to a large conformational change, with one SH2 domain rotating by 50 with respect to the other. This results in the formation of a competent phosphotyrosine-binding site in the N-terminal SH2 domain. That this conformational change is linked to kinase activity is suggested by the fact that mutation of Tyr315, one of the critical regulatory tyrosine residues, reduces the affinity of ZAP-70 for ITAMs (Di Bartolo et al., 2002) .
To understand the role of the tandem SH2 domains of ZAP-70 in the regulation of kinase activity we have crystallized an essentially full-length construct of ZAP-70, which lacks only 14 residues at the very C terminus. The kinase domain of ZAP-70 in our structure is in an inactive conformation that is very similar to that seen previously in kinases such as the cyclin-dependent kinases (CDKs; De Bondt et al., 1993) , the Src family kinases (Sicheri et al., 1997; Xu et al., 1997) , and the epidermal growth factor receptor (Wood et al., 2004; Zhang et al., 2006) . This inactive conformation is maintained by an intimate association between the distal surface of the kinase domain, the SH2-kinase linker, and the inter-SH2 linker. The tandem SH2 domains are distorted in a manner that is inconsistent with ITAM binding, suggesting a mechanism for destabilization of the autoinhibited conformation upon ITAM engagement.
RESULTS AND DISCUSSION

Structure Determination
The expression of wild-type human ZAP-70 in baculovirus-infected insect cells or in E. coli results in extremely low yields, making purification impractical. Mutation of both Tyr315 and Tyr319 in the SH2-kinase linker to phenylalanine increases protein yield in insect cells substantially, presumably due to the inactivation of the kinase. We shall refer to these residues as Tyr/Phe315 and Tyr/ Phe319. Additional improvement in yield was obtained by mutating the catalytic base (Asp461) to asparagine.
We determined the crystal structure of a construct of ZAP-70 spanning residues 1-606 at 2.6 Å resolution. The current model has been refined to an R value of 22.0% and a free R value of 29.0% (Table S1 ). Overall, the structure is well ordered except for 53 residues (257-309) in the SH2-kinase linker and 14 residues (488-501) in the central portion of the activation loop, which were not modeled. The disordered segment of the SH2-kinase linker constitutes a presumably flexible connection from the last residue in the second SH2 domain to the first residue in the segment of the SH2-kinase linker that interacts with the kinase domain and the inter-SH2 linker.
Description of the Structure
The structure of inactive ZAP-70 is shown in Figure 1 , which also shows the structure of an inactive Src family kinase for comparison (Schindler et al., 1999; Xu et al., 1999) . The tandem SH2 unit of ZAP-70 is docked onto the catalytic domain on the side opposite to the substratebinding site, and its overall structure resembles that of the isolated unit (Folmer et al., 2002; Hatada et al., 1995) . In contrast to the Src family kinases, where the regulatory apparatus clamps both the N-and C-lobes of the kinase domain, in ZAP-70 such contacts are made primarily to the C-lobe and the hinge connecting the two lobes.
The inter-SH2 linker consists of three a helices, denoted aL1, aL2, and aL3 ( Figure 1A ). aL2 (residues 136 to 145) is essentially continuous with aL3 (residues 146 to 155), but because of a sharp elbow angle (100 ) between them we refer to them as two helices, in contrast to previous descriptions (Folmer et al., 2002; Hatada et al., 1995) . Helices aL2 and aL3 make contact with the kinase domain ( Figure 1A ). The phosphopeptide-binding surfaces of the two SH2 domains face away from the linker-kinase interface and are available for ITAM engagement.
Helices aL2 and aL3 of the inter-SH2 linker dock onto helices aI and aE of the kinase C-terminal lobe, and the SH2-kinase linker is packed between the kinase domain and the inter-SH2 linker. We shall refer to the region of interaction as the ''linker-kinase sandwich.'' Although a portion of the SH2-kinase linker is disordered in the crystal structure there is no ambiguity as to the physiologically relevant interface between the tandem SH2 unit and the kinase domain. The only other contact between the kinase domain and this unit in the crystal lattice involves the outer face of the N-lobe of the kinase domain, with no significant bridging interactions. The burial of the inter-SH2 linker within the linker-kinase sandwich is consistent with the earlier finding that antibodies directed at the inter-SH2 linker have significantly reduced reactivity to intact ZAP-70 compared to the isolated tandem SH2 domains (Grazioli et al., 1998) .
A point of similarity between ZAP-70 and EphB2 receptor tyrosine kinase is that the phosphorylation of two tyrosine residues located just upstream of the kinase domain serves as a critical activation step in both kinases (Brdicka et al., 2005; Wybenga-Groot et al., 2001) . On this basis, and also because of a perceived similarity in sequence in the tyrosine motifs, it had been proposed that the autoinhibitory mechanism of ZAP-70 might resemble that of Eph receptor (Brdicka et al., 2005) . However, the structural results described here reveal that the interactions made by the SH2-kinase linker of ZAP-70 are unrelated to those made by the juxtamembrane segment in EphB2 receptor. The juxtamembrane segment in that receptor is located adjacent to helix aC in the N-lobe of the catalytic domain, and it disrupts the organization of catalytically important structural elements (Wybenga-Groot et al., 2001) . In ZAP-70, the SH2-kinase linker follows a path along the distal surface of the catalytic domain, away from the active site ( Figure 1A ). It forms the central element of the linker-kinase sandwich that is the defining aspect of the inactive ZAP-70 structure.
Aromatic-Aromatic Interactions Stabilize the Linker-Kinase Sandwich
The linker-kinase sandwich buries 1173 Å 2 of surface area on the kinase domain, 1407 Å 2 on the inter-SH2 linker, and 1137 Å 2 on the SH2-kinase linker. At the heart of the assembly is a set of closely packed and perpendicular aromatic-aromatic interactions (Burley and Petsko, 1985) between the side chains of Tyr/Phe315 and Tyr/ Phe319 in the SH2-kinase linker and Trp131 in the inter-SH2 linker ( Figure 2 ). Pro396 in the aC-b4 loop of the kinase domain packs tightly against the side chain of Tyr/Phe319, also in a perpendicular fashion.
The environment around Tyr/Phe315 and Tyr/Phe319 is generally hydrophobic, with critical interactions made by the side chains of Trp131, Leu133, Val314, and Pro396. The tyrosine residues of the wild-type protein can be accommodated within the assembly, with the potential for forming hydrogen bonds with the polar side chains of Tyr397 (in the kinase domain and adjacent to Tyr/Phe319) and Gln145 (in the inter-SH2 linker, adjacent to Tyr/ Phe315), particularly if the structure adjusts somewhat. It is clear, however, on both electrostatic and steric grounds that phosphorylated tyrosine residues cannot be accommodated, and that the linker-kinase sandwich would be disrupted upon phosphorylation.
The ZAP-70 Kinase Domain Adopts a Src/CDK-like Inactive Conformation
The conformation of the catalytic domain of inactive ZAP-70 is very similar to the inactive conformations seen in crystal structures of the Src family kinases Hck and c-Src (Schindler et al., 1999; Sicheri et al., 1997; Xu et al., 1997 Xu et al., , 1999  Figure 3 ). This conformation was first observed in cyclin-dependent kinase 2 (CDK2; De Bondt et al., 1993), and we refer to it as the inactive ''Src/CDK'' conformation.
Helix aC (residues 378-392) in the catalytic domain of ZAP-70 is swung outwards relative to its position in the active conformation, thereby disrupting the active site. Inactive ZAP-70 displays another characteristic feature of Helix aC is highlighted in dark blue, the activation loop is shown in brown, and the short helix in the activation loop following the DFG motif is shown in magenta. The dotted line represents an unordered part of the activation loop. The Src family kinase shown here is Hck (PDB code 1QCF; Schindler et al., 1999) . The structure of c-Src is very similar (PDB code 2SRC; Xu et al., 1999) . Active ZAP-70: PDB code 1U59 (Jin et al., 2004) . the inactive Src/CDK conformation, which is the formation of a short helix (residues 479-486) at the beginning of the activation loop, immediately following a conserved AspPhe-Gly (DFG) motif, which packs against the outwardly displaced helix aC. Finally, as in Src family kinases and CDK, in inactive ZAP-70 the N-lobe of the kinase domain closes over the C-lobe relative to its orientation in active kinases ( Figure S2 ).
The inactive conformation of the ZAP-70 kinase domain does not appear to be induced in an obvious way by the linker-kinase sandwich. The regions of the kinase domain that are involved in interactions with the two linker segments include helices aE and aI, the hinge between the N-and C-lobes of the kinase domain (residues 415 to 422), the distal part of the activation loop, the catalytic loop, and the loop between helix aC and strand b3 in the N-lobe of the kinase domain (residues 393 to 402). The structures of the active (Jin et al., 2004) and inactive states of the ZAP-70 kinase domain are virtually superimposable in these regions, with only localized and subtle differences between them.
The segment of the SH2-kinase linker that emerges from the linker-kinase sandwich (residues 323 to 330) appears to be flexible, with relatively poorly resolved electron density and high crystallographic temperature (displacement) factors (which are proportional to the mean square fluctuations in atomic position; Figure 4A ). In the Src family kinases the inactive conformation is stabilized by a tryptophan residue (Trp260 in c-Src) in the SH2-kinase linker that is inserted between the swung-out position of helix aC and the main body of the kinase domain. The corresponding residue in ZAP-70 is a less bulky leucine (Leu330), and mutational analysis suggests that the role of Leu330 is not critical (see below).
A Network of Hydrogen Bonds Reduces the Apparent Flexibility of the Hinge Region of the Kinase Domain
Comparison of the crystallographic temperature factors of the kinase domain of active ZAP-70 (Jin et al., 2004) with those of inactive ZAP-70 suggests that there is a significant reduction in flexibility in the hinge region in inactive ZAP-70 ( Figure 4A ). As a reference we use helix aF, the most buried helix in the C-lobe of the kinase domain. The mean value of the temperature factors for all atoms in helix aF (residues 518 to 534) in the kinase domain is approximately the same in both structures (40 Å 2 ). In the active kinase domain (Jin et al., 2004 ) the temperature factors for the hinge region are significantly higher than for helix aF. In contrast, in the inactive kinase domain the reverse is true, with residues in the hinge region exhibiting significantly lower temperature factors. The reduction in temperature factors in the hinge region relative to the core of the C-lobe is consistent with decreased mobility of this region in the inactive structure. This apparent rigidification of the kinase domain is also consistent with the formation of a network of hydrogen bonds centered on the hinge region in the inactive structure. This network is broken in the active structure. Lys476 in inactive ZAP-70, a residue in the hinge region located just before the catalytically important Asp-PheGly motif, is part of a hydrogen-bonding network at the distal side of the catalytic domain ( Figure 4B ). Lys476 forms hydrogen bonds with the carbonyl oxygen of Ile398, which is located in the loop immediately following helix aC (loop aC-b4), with the carboxyl oxygen of Glu415, which is located at the start of the hinge region, and with the hydroxyl oxygen of Tyr474 in the b-hairpin preceding the DFG motif. Although these residues are all within the kinase domain, they are part of a network that extends into the linker-kinase sandwich. For example, Arg400 in the aC-b4 loop of the kinase domain, a residue highly conserved among Syk/ZAP-70 kinases but not other protein tyrosine kinases ( Figure S3 ), forms a hydrogen bond with the backbone carbonyl oxygen of Tyr319 in the SH2-kinase linker and also with residues in the kinase domain ( Figure 4B ). Likewise, the side-chain oxygen of Gln140 in helix aL2 accepts a hydrogen bond from Asn395 located in the aC-b4 loop.
The hydrogen-bonding network is further stabilized by a hydrophobic cluster formed by Pro396, Tyr397, and Tyr474 in the kinase domain and Tyr/Phe319 in the SH2-kinase linker. In the structure of the isolated and active kinase domain (Jin et al., 2004) , the hydrogen-bonding network and the hydrophobic cluster are disrupted. Several hydrogen-bonding interactions are completely lost, and others are weakened ( Figure 4B ).
In order for the catalytic domain to switch from the inactive to the active conformation, helix aC needs to swing inwards (Figure 3 ). This pivoting movement is correlated with a change of +85 in the J angle of Ile398 and of +21 in the F angle of Val399 of the aC-b4 loop. These two residues are in close proximity to the hinge region. The hinge region is also involved in the closure of the mouth of the kinase domain upon inactivation ( Figure S2 ). Flexibility in the hinge region is likely to be crucial for conversion of the kinase domain from one state to another and for catalytic activity, and the observed reduction in apparent flexibility of this region in inactive ZAP-70 is likely to be a major factor underlying inactivation. Very similar hydrogen-bonding interactions, centered on residues at positions equivalent to Lys476, have been implicated in the regulation of several receptor tyrosine kinases (M. Mohammadi, personal communication).
Mutagenesis Identifies Hot Spot Residues in the Linker-Kinase Sandwich
Expression problems for wild-type ZAP-70 are further compounded for ZAP-70 variants containing activating mutations. We therefore turned to a cell-based assay to assess ZAP-70 activity (Brdicka et al., 2005) . This assay involves transiently transfecting human embryonic kidney 293 cells with expression constructs for ZAP-70 and the ZAP-70 substrate LAT, with or without the ZAP-70 activator Lck. The phosphorylation of LAT reflects the catalytic activity of ZAP-70. This is true even when ZAP-70 is coexpressed with Lck since Lck itself does not phosphorylate LAT under these conditions (Brdicka et al., 2005) . Since wild-type ZAP-70 alone is unable to phosphorylate LAT in this assay, mutations of residues that are important for the autoinhibition of ZAP-70 are expected to result in LAT phosphorylation in the absence of Lck. Conversely, failure to phosphorylate LAT even in the presence of Lck identifies mutations that are likely to damage the intrinsic catalytic activity of ZAP-70 ( Figure S4) .
Using this assay, we have performed an extensive mutagenesis analysis of the linker-kinase sandwich (Figure 5) . Although the results of this assay are qualitative, they serve to identify ''hot spot'' residues (Clackson and Wells, 1995) that are the most critical for autoinhibition.
As expected, wild-type ZAP-70 does not phosphorylate LAT in the absence of Lck ( Figure 5B ) but does so when Lck is cotransfected ( Figure S4 ). Mutations in ZAP-70 that lead to strong phosphorylation of LAT fall into two classes, with one involving the core of the linker-kinase sandwich and another involving the docking of the inter-SH2 helices onto the C-lobe of the kinase domain. At the heart of the linker-kinase sandwich are the aromaticaromatic interactions made by Tyr/Phe315 and Tyr/Phe319. Mutation of these residues to alanine greatly increases LAT phosphorylation in the absence of Lck, consistent with previous results (Brdicka et al., 2005) . Mutation of other residues in the hydrophobic core of the sandwich (e.g., W131A, L133A, and A141E) also displays a marked increase in kinase activity without a requirement for Lck, and replacing Val314 with alanine notably augments LAT phosphorylation ( Figure 5 ). Other hot spot residues include Ser144, Gln145, and Pro147, located in the elbow between helices aL2 and aL3 in the inter-SH2 linker. These pack against Tyr597 and Tyr598, which are also hot spot residues, within helix aI in the kinase domain. We discuss these residues in the next section.
The replacement of many polar residues at the interface individually by alanine does not result in a significant enhancement of ZAP-70 activity in this assay (e.g., R400A, see Figures 5 and S4; this mutation shows normal activity in the presence of Lck, indicating that catalytic competency is not compromised). This is consistent with the analysis of the energetic contributions of interfacial residues at many protein-protein interfaces, where it is generally the case that only certain residues, particularly centrally located hydrophobic ones, are crucial for the maintenance of these interfaces (Bogan and Thorn, 1998; Clackson and Wells, 1995) .
We have confirmed the importance of the hot spot residues by introducing mutations at these sites in the background of the Y315F/Y319F mutant form of ZAP-70 (ZAP-70 YYFF ). ZAP-70 YYFF is not activated by Lck in our assay ( Figure S5A ). Presumably, the loss of phosphorylation sites in the SH2-kinase linker results in the conformational balance shifting toward the inactive form even when Lck is available to phosphorylate the activation loop. Introduction of the hot spot mutations L133A, A141E, and P147A in ZAP-70 YYFF results in activation in the presence of Lck, suggesting that these mutations increase the accessibility of the activation loop ( Figure S5B ). Interestingly, these mutations do not result in significant activation in the absence of Lck, indicating that the increased hydrophobicity and lack of phosphorylation of the SH2-kinase linker in ZAP-70 YYFF is sufficient to compensate for the weakening of the linker-kinase sandwich by the hot spot mutations ( Figure S5A ).
The Location of Hot Spot Residues in the Inter-SH2 Linker Suggests that a Conformational Change in the Tandem SH2 Unit May Be Coupled to Activation
The cluster of hot spot residues located at the elbow bend between helices aL2 and aL3 in the inter-SH2 linker (Ser144, Gln145, and Pro147) are particularly interesting. These residues are involved in interactions of the inter-SH2 linker with Tyr597 and Tyr598 in the kinase domain. Helix aL2 runs along the surface of the kinase domain for its entire length, interacting primarily with side chains presented by residues in helix aE of the kinase domain. The side chains of Tyr597 and Tyr598 form a cleft that protrudes from the surface of the kinase domain, into which the side chain of Pro147 in helix aL3 of the inter-SH2 linker is tightly packed (Figure 6 ). The presence of the Tyr597-Tyr598 protrusion on the kinase domain requires a sharp bend between helices aL2 and aL3 in the linker, which is promoted by Pro147 and stabilized by a hydrogen bond between the side chains of Ser144 and Gln145 ( Figure 7A ). Ser144 and Gln145 also form hydrogen bonds with Gln444 and Glu440 in the kinase domain, respectively. Whereas Ser144 and Gln145 are obvious hot spots, Glu440 is not (Gln444 has not been tested). We therefore looked for structural clues to the special significance of the hotspot residues in this region. A key difference between the structures of the tandem SH2 domains of ZAP-70 (without the kinase domain) in the presence and absence of phosphorylated ITAM peptides is that the SH2 domains move apart when not liganded (Folmer et al., 2002; Hatada et al., 1995) . This structural difference can be traced to a change in the angle between helices aL2 and aL3 in the inter-SH2 linker, which becomes more acute upon release of the peptide (the SH2 domains consequently move apart).
We aligned the ITAM-complexed tandem SH2 domains upon those of inactive ZAP-70 using helix aL2 of the inter-SH2 linker as a guide ( Figure 7A ). The orientation of helix aL3 with respect to helix aL2 is quite different in inactive ZAP-70 when compared to the ITAM-complexed tandem SH2 domains ( Figure 7A ). Ser144 and Gln145 have moved apart in the ITAM complex and cannot form a hydrogen bond. This is correlated with an increase in the angle between the two helices from 100 in inactive ZAP-70 to 110 in the ITAM-complexed tandem SH2 domains. This movement of helix aL3 relative to helix aL2 repositions Pro147, resulting in a steric clash with Tyr597 and Tyr598, thereby rendering the ITAM-complexed conformation incompatible with docking onto the surface of the kinase domain. We conclude that the identification of these residues (Pro147, Ser144, Gln145, Tyr597, and Tyr598) as hot spots arises from their key role in enforcing a specific conformation of the inter-SH2 linker at the interface. The importance of Tyr597 and Tyr598 has been highlighted by a previous study that showed that replacement of these residues by phenylalanine in both ZAP-70 and Syk results in activation (Zeitlmann et al., 1998) . The hydroxyl groups of both tyrosine side chains are in polar environments upon formation of the linker-kinase sandwich, and the replacement of these residues by phenylalanine could therefore be destabilizing. The structure of the uncomplexed tandem SH2 domains (Folmer et al., 2002 ) is very similar to that seen in intact and inactive ZAP-70 (root-mean-square [rms] deviation of 0.96 Å 2 over all Ca atoms) but quite different from that of the SH2 domain-ITAM complex (rms deviation of 6.6 Å 2 ; Hatada et al., 1995) . NMR analysis indicates that the inter-SH2 linker is flexible in the uncomplexed and isolated tandem SH2 domains and becomes more ordered upon ITAM binding (Folmer et al., 2002 ). It appears that docking onto the kinase domain would also impose order on the inter-SH2 linker, but in a manner that opposes ITAM binding.
It is very likely that binding of ZAP-70 to phosphorylated ITAM motifs promotes disassembly of the tight interface at the distal surface of the kinase domain. This could facilitate access to phosphorylation sites such as Tyr315 and Tyr319 of the SH2-kinase linker or Tyr597 and Tyr598 in the C-lobe. Phosphorylation of these sites by the protein kinase Lck, or by ZAP-70 itself in trans, would further destabilize the interface. Phosphorylation of tyrosines Tyr492 and Tyr493 in the activation loop is likely to promote its active extended conformation by preventing it from collapsing into the active site. Indeed, such phosphorylation of ZAP-70 appears necessary for its full activation since TCR ITAM-bound, but unphosphorylated and inactive, ZAP-70 can be detected in unstimulated ex vivo thymocytes or T cells (van Oers et al., 1994) . Similarly, stimulation of T cells with partial agonist peptide ligands, stimuli that do not fully activate T cells, can induce ZAP-70 binding to ITAMs without its phosphorylation (Madrenas et al., 1995) . Finally, binding of oligomeric bisphosphorylated ITAM peptides, unlike monomeric bisphosphorylated peptides, was sufficient to activate recombinant ZAP-70, supporting the notion that binding to ITAMs alone does not fully activate ZAP-70 (LoGrasso et al., 1996) . Thus, a second step involving transautophosphorylation or Lck-mediated phosphorylation is required to fully convert or stabilize ZAP-70 in the active state.
Conclusions
The structure of autoinhibited ZAP-70 reveals a new mechanism for the maintenance of an inactive kinase domain conformation that had been defined originally in CDK (De Bondt et al., 1993) and the Src family kinases (Sicheri et al., 1997; Xu et al., 1997) . This inactive Src/ CDK conformation has now been seen in many other protein kinases, and it appears to be a generally accessible and stable conformation of the kinase domain. Since there is such a diversity of regulatory mechanisms that impinge on this common inactive conformation the key aspects of maintaining it appear to be different for different kinases. Some kinases, such as CDK (De Bondt et al., 1993) and the EGF receptor (Wood et al., 2004; Zhang et al., 2006) , are particularly stable in the inactive Src/CDK conformation and require the action of another protein (cyclin in the case of CDK [Pavletich, 1999] or the C-lobe of a second kinase domain in the case of EGF receptor; Zhang et al., 2006) to switch to the active form. In the case of Src family kinases, interactions between the regulatory apparatus and the kinase domain appear to stabilize the inactive conformation (Schindler et al., 1999; Xu et al., 1999; Young et al., 2001 ). In our structure of ZAP-70 the interactions between the tandem SH2 unit and the kinase domain are restricted to the hinge region of the kinase domain, with the formation of a network of hydrogen bonds in the inactive form that is broken in the active form. Autoinhibition might involve a reduction in flexibility, thereby slowing down the rate of transition from the inactive to the active form, and/or preventing the range of motions required for catalysis.
A particularly fascinating aspect of ZAP-70 is the cooperative binding of phosphorylated ITAM motifs by the tandem SH2 domain (Folmer et al., 2002; Hatada et al., 1995) . The movements of the SH2 domains relative to each other upon ITAM binding are coordinated with changes in the structure of the inter-SH2 linker segment. Our structure of autoinhibited ZAP-70 demonstrates that these changes are directly coupled to the engagement of the kinase domain by the linker segment. First, the major point of contact involves the elbow bend between helices aL2 and aL3 in the inter-SH2 linker. This elbow bend changes upon ITAM binding in a way that is incompatible with kinase interaction. Second, helix aL3 rotates upon ITAM binding. This moves the side chain of Trp133 away from Tyr315 and Tyr319, disrupting the aromatic-aromatic interactions that are a key to the stability of the linker-kinase sandwich. Notably, all of the hot spot residues identified by mutagenesis map to the regions that are directly involved in this conformational change.
Our previous studies suggest that the corresponding residues Tyr342 and Tyr346 in the SH2-kinase linker of Syk participate in a similar autoinhibitory mechanism (Brdicka et al., 2005) . Moreover, mutation of the homologous tyrosines to phenylalanines in the in aI helix of the C-lobe of the ZAP-70 and Syk kinases had similar activating effects in both kinases (Zeitlmann et al., 1998) . Therefore, it is likely that the structure of inactive Syk may resemble that of ZAP-70.
The TCR has no intrinsic catalytic activity and depends on the recruitment of ZAP-70 and its induced phosphorylation for onward transmission of an activating signal. Clearly, the tight regulation and specific activation of ZAP-70 are key for the proper response of T cells. The utilization of dual phosphorylation signals in ITAMs overcomes the inherent promiscuity of SH2 domains, making the recruitment of ZAP-70 highly specific. It now appears that the ITAM motifs are crucial at another level: by controlling the orientation of the SH2 domains they provide a mechanism for the specific initial steps leading to phosphorylation of ZAP-70 and activation of the kinase domain.
EXPERIMENTAL PROCEDURES
Expression and Purification of Inactive ZAP-70 DNA encoding residues 1-606 of human ZAP-70 followed by a GlySer-Gly linker, a PreScission protease site, and a C-terminal 6-His tag was cloned into pFastBac 1 (Invitrogen) using the BamHI and EcoRI restriction sites. The catalytic base Asp461 was mutated to asparagine and Tyr315 and Tyr319 were mutated to phenylalanine using the QuikChange site-directed mutagenesis kit (Stratagene). This construct is referred to as inactive ZAP-70. Recombinant bacmid DNA containing the ZAP-70 insert was prepared (Bac-to-Bac expression system, Gibco BRL) and transfected into TriEx Sf9 cells. Baculovirus obtained from the transfections was used to infect TriEx Sf9 cells grown in suspension. Cells were harvested 48 hr after infection by centrifugation at 1800 3 g and resuspended in a buffer containing 20 mM Tris, 500 mM NaCl, 20 mM imidazole, 10% glycerol, 5 mM b-mercaptoethanol, and a protease inhibitor cocktail (Roche), pH 8.0. Cells (6 l) were lysed using a French press and centrifuged at 100,000 3 g to remove cellular debris. The soluble fraction of the lysate was filtered and applied to a Ni-NTA column (Qiagen). The protein was eluted using a linear imidazole gradient (20-500 mM), and fractions containing ZAP-70 were pooled and incubated overnight with PreScission protease to remove the 6-His tag. The protein was transferred to 20 mM Tris, 150 mM NaCl, 10% glycerol, 1 mM EDTA, 0.5 mM Na 3 VO 4 , pH 8.5 and loaded onto a Q Sepharose column attached in tandem with an amineconjugated phosphotyrosine column. Q Sepharose does not bind ZAP-70 under these conditions and serves as a subtractive step in the purification. The protein was eluted from the phosphotyrosine column using a linear phenyl phosphate gradient (0-150 mM), concentrated by ultrafiltration, and further purified by size-exclusion chromatography. The final buffer from the gel-filtration step was 20 mM Tris, 150 mM NaCl, 1 mM DTT, 10% glycerol, pH 8.0. Mass spectrometry confirmed the identity of the protein.
Crystallization and Data Collection
Crystals of inactive ZAP-70 were grown using hanging-drop vapor diffusion. 3 mM AMPPNP and 9 mM MgCl 2 were added to a protein stock at a concentration of 12 mg/ml. 0.2 ml of 9 mM n-decyl-b-D-thiomaltopyranoside was added to 1 ml inactive ZAP-70/AMPPNP on a coverslip and mixed with 0.8 ml reservoir solution (0.05 M NaSCN, 21% PEG3350), and the drop was equilibrated with reservoir solution at 20 C. Crystals tended to grow in clusters, and the presence of detergent and repeated microseeding were essential for growing single diffraction quality crystals. The crystals grew to their full size of 0.2 3 0.05 3 0.005 mm 3 within 24 hr. Crystals were cryoprotected with the addition of 25% glycerol (v/v), and X-ray diffraction data were collected (Advanced Light Source [ALS], Beamline 8.2.2) on crystals flash frozen in liquid nitrogen (Table S1 ). Data were integrated and scaled using HKL2000 (Otwinowski and Minor, 1997) .
Structure Determination and Refinement
The structure was solved by molecular replacement using Phaser (McCoy et al., 2005) , with the structures of the isolated ZAP-70 kinase domain (PDB entry 1U59; Jin et al., 2004) and the isolated tandem SH2 domains (PDB entry 1M61; Folmer et al., 2002) as the search models. Refinement and model building were performed using the programs CNS (Brunger et al., 1998) and Coot (Emsley and Cowtan, 2004) . The structure was refined to 2.6 Å resolution (R free and R work are 0.29 and 0.22, respectively; Table S1 ). Electron density maps indicated the presence of an alternate conformation in residues 313-322 of the SH2-kinase linker. We performed a series of crystallographic simulated annealing refinements, in which we included two independent copies of the ZAP-70 structure in the model (Kuriyan et al., 1991) . Reproducibly, a significant displacement between the two molecules in the twin refinement was observed only in the SH2-kinase linker segment spanning residues 313-322. The essential features of the interactions made by Tyr/Phe315 and Tyr/Phe319 are the same in both conformers ( Figure S1 ), with the alternative conformer deviating most significantly in the backbone. This conformational heterogeneity may reflect the loss of the hydrogenbonding capabilities of the tyrosine residues when they are mutated to phenylalanines. Incorporation of both conformers did not reduce the free R value, perhaps due to the moderate resolution of the data, and only one conformer is included in the final model.
Kinase Activity Assays
Kinase assays were carried out in vivo, as described before (Brdicka et al., 2005) . Expression constructs for human full-length ZAP-70 (residues 1-620) mutants in the plasmid pcDNA3 (Invitrogen) were generated using a QuikChange site-directed mutagenesis kit (Stratagene) and standard PCR techniques. The expression construct for FLAGtagged linker for activation in T cells (LAT) has been described (Brdicka et al., 2002) . Kidney epithelial 293 cells were transiently transfected in 24-well plates using Lipofectamine and PLUS reagents (Invitrogen) following the manufacturer's instructions. Cells were lysed by resuspending in 23 concentrated SDS sample buffer (100 ml per well 293 cells), and cellular debris was removed by ultracentrifugation (30 min, 386,000 3 g). Supernatants were analyzed by SDS-polyacrylamid gel electrophoresis and immunoblotting with primary and horseradish peroxidase-conjugated secondary antibody. Proteins were then detected by chemiluminescence (Western Lightning; Perkin-Elmer, Wellesley, MA) on a Kodak Image Station (Kodak, Rochester, NY).
Supplemental Data
Supplemental Data include one table and five figures and can be found with this article online at http://www.cell.com/cgi/content/full/129/4/ 735/DC1/.
